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Monodispersed mesoporous silica spheres (MMSS) with different mesopore symmetries, such as hexag-
onal, cubic, or the mixture of hexagonal/cubic, are synthesized changing synthesis conditions. It seems
that the direction of mesopores is retained through the particle in MMSS with cubic symmetry. In the
case of hexagonal/cubic mixed symmetry, cubic structure is observed at the center of the particle, while
hexagonal structure is observed near the surface. It is assumed that cubic structure forms at early stage of
the particle growth and hexagonal symmetry forms at the later stage, leading to the formation of cubic
core/hexagonal shell structure.
 2013 The Authors. Published by Elsevier Inc.Open access under CC BY-NC-ND license. 1. Introduction
Mesoporous silica has been paid much attention due to its or-
dered mesopores [1]. By taking advantage of uniform pore struc-
ture, mesoporous silica has been applied as catalysts [2,3],
adsorbents [4,5], and host materials [6,7]. Morphology control of
mesoporous silica is one of the research subjects and such as ﬁbers
[8–10], sponge like membranes [11,12], rod like powders [13,14],
ﬁlms [15], polyhedral particles [16,17], and spheres [18–23] have
been obtained.
We have been conducting the research on the synthesis and
applications of monodispersed mesoporous silica spheres (MMSS)
that have highly uniform diameter [24–26]. Mesopores of MMSS
are aligned radially from the center to the outside of a particle,
mentioning that mesopore entrance can be seen on any surface.
This unique structure is advantageous for the entry and discharge
of substances, and MMSS is expected to be as high performance
catalysts and adsorbents [27–30]. In addition, due to its uniformity
in size, a photonic crystal can be fabricated from MMSS by self-
assembly as being done from monodispersed polystyrene or silica
particles [31–33]. By taking advantage of light conﬁning effect of astopband of the photonic crystal fabricated from MMSS containing
an organic dye or rare earth oxide inside mesopores, emission con-
trol and laser oscillation have been achieved [34–38].
We investigated the formation mechanism of MMSS. It turned
out that primary small particles grow homogeneously into ﬁnal
size and hexagonally ordered mesopores are aligned radially from
center to the surface of the particle [26]. Mesopore structure con-
trol is beneﬁcial for the application of MMSS. Cubic mesopore
structure could be suited for catalyst applications. We reported
that a reactive silica precursor, such as ethylene glycol modiﬁed si-
lane (EGMS), leads to mesopore ordering in cubic symmetry [39].
However, only small particle-sized MMSS were obtained because
the reactivity of EGMS is too high to control particle size.
In this paper, we will report mesopore alignment in MMSS with
different symmetries. MMSSs with similar particle size range are
prepared and examined. Hexagonally or cubic ordered MMSS or
the mixture of them are obtained by changing reaction conditions,
such as type of surfactant, alcohol/water ratio in the solvent or sil-
ica precursor. TEM observation clariﬁes unique alignment of mes-
opores in each type of MMSS.2. Experimental
2.1. Materials
Tetramethylorthosilicate (TMOS) and Octadecyltrimethylammo-
niumchloridewere purchased fromTokyoKasei Co (Japan) andused
asa template. Ethanol,methanol and1 NNaOHwerepurchased from
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The synthesis procedure for monodispersed mesoporous silica
spheres (MMSS)wasbasedon the literature [25].MMSSswithdiffer-
ent pore structures were obtained by changing the composition and
ratio of the solvent. The ratios of water/methanol/ethanol mixture
solvent are 45/55/0 (hexagonal), 50/25/25 (hexagonal + cubic), and
60/8/32 (cubic). In the case of cubic MMSS, tetrakis(3-hydroxypro-
pyl)orthosilicate (TGMS) was used as a silica precursor instead of
TMOS. TGMS was prepared with the following procedure according
to the literature [40]. Tetraethyl orthosilicate and 1,3-propane diol
(trimethylene glycol) were reacted in amolar ratio of 1:4 in a dry ar-
gon atmosphere at 413 K. Ethanol, which is produced during the
transesteriﬁcation reaction, was continuously removed by distilla-
tion. When no more progress in the reaction was observed, the
remaining ethanol and tetraethyl orthosilicate were removed in va-
cuo. The synthesis conditions are summarized in Table 1.2.2. Characterization
Powder X-ray diffraction measurement was carried out with a
Rigaku Rint-2200 X-ray diffractometer using Cu Ka radiation.
Scanning electron micrographs (SEMs) were obtained with a SIG-
MA-V (Akashi Seisakusho). The surface of each sample was coated
with gold before the measurement. The average particle diameter
was calculated from the diameters of 50 particles in an SEM image.
Since only parts of SEM images are shown in ﬁgures, particles not
appearing in the ﬁgures were also examined. The pore structures of
samples were examined by means of nitrogen adsorption–desorp-
tion isotherms at 77 K, which were obtained with a Japan Bell BEL-
SORP-mini II. The samples were degassed at 423 K under 0.13 Pa
for 2 h prior to the adsorption measurement. The speciﬁc surface
areas (S) of the samples were determined by the BET method using
adsorption data in the P/P0 range from 0.05 to 0.17. The total pore
volume (Vp) was determined from the adsorbed amount of nitro-
gen at P/P0 < 0.95, including pores of less than 100 nm in size. Pore
diameter was calculated by the BJH method for the desorption
branches. Transmission electron micrograph was obtained with a
Jeol-200CX TEM using an acceleration voltage of 200 kV. To obtain
a direct image of the internal structure of an MMSS, a particle
embedded in epoxy resin was sectioned using an electron beam,
and then observed by TEM.3. Results and discussion
3.1. MMSS with different mesopore symmetries
We had investigated the formation mechanism of MMSS and
found that primary small particles formed suddenly and grewTable 1
Synthesis conditions of MMSS samples.
Sample name Silica source Ratio of solvent
Water Methanol Ethanol
MMSS-h TMOS 45 55 0
MMSS-h/c TMOS 50 25 25
MMSS-c TGMS 60 8 32
Table 2
Properties of MMSS samples.
Sample name Mesopore symmetry Particle diameter (nm) CV (%)
MMSS-h Hexagonal 568 4.4
MMSS-h/c Hexagonal/cubic 543 8.7
MMSS-c Cubic 413 5.6homogeneously into the ﬁnal size [26]. TEM observation during
the synthesis revealed that the particles appeared about 3 min la-
ter after the synthesis started and MMSS with hexagonally ordered
mesopores were obtained. Alternatively, a silica precursor having
relatively higher reactivity had been examined to obtain MMSS
with the size falling low-submicron meter range [39]. We had hap-
pened to ﬁnd that MMSS with cubic mesopore structure was ob-
tained when the precipitation time, which related to the reaction
speed, was short. The precipitation time, at which transparent
reaction solution became turbid, was obtained by our eye observa-
tion [26]. From these results it can be assumed that if the reaction
proceeds quickly, cubic mesopore structure could be more favor-
ably produced.
In order to compare mesopore alignment in a particle, it is
important to prepare samples with similar particle size. Since only
small particles can be obtained with EGMS as a silica precursor,
less reactive TGMS is used to obtain cubic MMSS with the size over
400 nm. It is of great interest to know how mesopores align in a
particle in case of hexagonal/cubic mixed mesopore symmetry.
We systematically investigated the reaction conditions with
changing solvent ratio and type of the surfactant. We found that
mixed hexagonal/cubic MMSS is obtained by replacing the part
of methanol in the solvent to ethanol while using octadecyltrime-
thylammonium chloride as a surfactant. Table 2 summarizes the
properties of MMSS samples. Fig. 1 shows SEM images of samples,
revealing highly monodispersed particles are obtained with parti-
cle size in the range between 413 and 568 nm. XRD patterns for
the samples are in Fig. 2. Hexagonal, mixed hexagonal/cubic, and
cubic patterns are shown. The main peak shifts to higher 2h with
mesopore structure changing from hexagonal to cubic. Both main
peaks are dominant in Fig. 2(b), conﬁrming that the mesopore
structure of MMSS-h/c is the mixture of hexagonal/cubic symme-
try. Regarding the precipitation time as discussed before, the num-
bers are 100, 89, and 52 s for MMSS-h, MMSS-h/c, and MMSS-c,
respectively. It is conﬁrmed as expected that faster reaction led
to the formation of cubic mesopore symmetry. Nitrogen adsorption
isotherms are shown in Fig. 3. All of isotherms are type IV and no
signiﬁcant changes can be seen except for the relative pressure at
which nitrogen adsorption into mesopores occur. Cubic MMSS has
smallest mesopores (2 nm) in accordance with smallest d spacing
in XRD. Adsorption properties, such as speciﬁc surface area, pore
volume, and pore size are summarized in Table 1.3.2. Mesopore alignment in MMSS
It is obvious from XRD patterns that mesopores are aligned with
hexagonal, cubic or hexagonal/cubic mixed symmetry in each sam-
ple. In our previous study, we showed that MMSS, which was syn-
thesized using hexadecyltrimethylammonium chloride as a
surfactant instead of octadecyltrimethylammonium chloride, had
radial alignment of mesopores [25,26]. The structure is also con-
ﬁrmed in Fig. 4(a). A bundle of mesopores is seen near the surface.
Meanwhile, hexagonally ordered honeycomb structure can be seen
at the center of the hemisphere. It is assumed that radial alignment
of mesopores is favorable for MMSS with hexagonally ordered
mesopores regardless of type of surfactant. Fig. 4(c) shows TEM im-
age of MMSS-c. Mesopores seems to be continuous through a par-Pore volume (ml/g) Surface area (m2/g) Pore diameter (nm)
0.88 1130 2.6
0.95 1210 2.4, 2.2
0.85 1300 2.0
Fig. 1. SEM images for MMSS-h (a), MMSS-h/c (b) and MMSS-c (c). Scale bars represent 667 nm.
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Fig. 2. XRD patterns for MMSS-h (a), MMSS-h/c (b) and MMSS-c (c).
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agonally ordered mesopores and the direction of mesopores
changes through the particle. On the contrary, the MMSS with cu-P/P0 
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Fig. 3. Nitrogen adsorption isotherms and pore size distributiobic symmetry (MMSS-c) consists of cubic aligned mesopores.
Although small portion of pores close to the surface are radially
aligned and toward the center of a particle, majority of mesopores
are aligned toward the same direction looking like as a single
crystal.
It was reported by Tendeloo that very small cubic structure was
observed at the center of hexagonally ordered mesoporous silica
spheres [41,42]. Therefore, it is expected that cubic structure is
seen at the center part and hexagonal structure is seen near the
surface for MMSS-h/c. TEM image of MMSS-h/c is shown in
Fig. 4(b). Ordered structures with different distances between the
nearest planes are shown in a particle (A and B in Fig. 4(b)). The
distance at the center part (A) is 3.3 Å which matches the value
of 3.25 Å obtained from XRD peak at 2.72 (2h) in Fig. 2(b) while
the distance close to the surface part (B) is 3.6 Å which matches
well with the value of 3.59 Å obtained from XRD peak at 2.46
(2h). The peaks at 2.46 (2h) and 2.72 (2h) are assigned to be
100 plane for hexagonal structure and 211 plane for cubic struc-
ture, respectively. It can be concluded that cubic structure is ob-
served at the center and hexagonal structure is observed near the
surface. In our previous study, we found that MMSS grows homo-
geneously into ﬁnal size after the nucleation [26]. Therefore, it is
assumed that mesopores aligned in cubic symmetry in early stagePore width / nm
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Fig. 4. TEM images for MMSS-h (a), MMSS-h/c (b) and MMSS-c (c) and corresponding conceptual pictures for each particles. A and B regions in Fig. 1(b) show cubic and
hexagonal structure, respectively.
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stage for MMSS with hexagonal/cubic mixed symmetry. To prove
this, particles during growth were sampled onto a TEM grid and
a TEM image was taken. Fig. 5 shows internal structure of
MMSS-h/c in the early stage of particle growth. A cubic structure
is observed through the particle with the size ca. 200 nm. Since20 nm
Fig. 5. TEM image of MMSS-h/c in early stage of particle growth.the ﬁnal size of MMSS-h/c is 543 nm, the particle in Fig. 5 should
represent the core part of MMSS-h/c. It can be concluded that cubic
structure forms in early stage and the structure changes to hexag-
onal phase in the later stage of the particle growth for MMSS-h/c.4. Conclusion
We have investigated the synthesis of monodispersed mesopor-
ous silica spheres (MMSS) and found that by changing the reaction
condition, it is possible to obtain MMSS with different mesopore
orderings although particles are in the similar size range. Hexago-
nal ordering is the most preferable, however, the use of diol-mod-
iﬁed silica precursor brings cubic symmetry in mesopore ordering.
By partially changing methanol to ethanol in the solvent for the
synthesis, MMSS with hexagonal/cubic mixed phase is obtained.
TEM observation reveals that cubic structure is observed at the
center of the particle and hexagonal structure is observed near
the surface. MMSS can be a host for nanoparticles, a building block
for a photonic crystal, or template for mesoporous carbons. Precise
control of mesopore structure could be advantageous to expand
MMSS to various applications.
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